Abstract A regioselective synthesis of pyridines by the addition of malonate anions to pyridine N-oxide derivatives, which have been activated by trifluoromethanesulfonic anhydride, is reported. The reaction selectively affords either 2-or 4-substituted pyridines in good yields. Graphical abstract
Introduction
Pyridine is the most common aromatic heterocycle in FDA approved drugs [1] . Significant examples include isoniazid (1) and ethionamide (2) which are both antibiotics used to treat tuberculosis and are included on the World Health Organizations List of Essential Medicines (Fig. 1a) [2] . A number of herbicides also contain the pyridine motif such as dithiopyr (3) [3] and imazapyr (4) [4] (Fig. 1b) .
As a result of the prevalence of this heterocycle there is a continued interest in the synthesis of densely functionalized examples. Classical approaches to the synthesis of pyridines include the Chichibabin [5] and Hantzsch condensations [6] and the Kröhnke reaction [7] . More modern approaches have been reported including a copper-catalyzed annulation reaction [8] and metal-free cycloaddition reactions [9] [10] [11] .
Modification or functionalization of existing pyridine structures can be carried out using a variety of strategies. Metal-catalyzed methods range from cross-coupling reactions, such as the Suzuki-Miyaura coupling [12] and ironcatalyzed cross coupling with Grignard reagents [13] to direct C-H functionalization [14] . Minisci reported the addition of carbon-centered radicals to pyridine [15] , although this approach is not always completely selective [16] . Another approach to introduce functional groups that avoids the use of metal catalysis is by electrophilic activation of the corresponding N-oxide followed by nucleophilic substitution. In 1966, Bauer and Hirsch reported the synthesis of mercaptopicolines via addition of thiols to picoline N-oxide which had been activated with phenylsulfonyl chloride [17] . More recently, Johnson et al. have shown how to introduce a protected amine to the 2-position of picoline (Scheme 1A) [18] . Londregan et al. reported that the amide coupling reagent PyBroP can be used to activate pyridine N-oxides for the attack of a range of nucleophiles (Scheme 1B) [19] .
Our group has a long-standing interest in the chemistry of highly reactive intermediates, and in particular, the use of trifluoromethanesulfonic anhydride (triflic anhydride) as an easily handled, commercially available electrophilic
The original version of this article was revised: In section ''General procedure'' some numbers were missing. activating agent [20] [21] [22] [23] [24] . Given this, we decided to investigate its use as an activating agent for pyridine Noxides with malonates as nucleophiles: malonic esters are a versatile handle for the introduction of carboxylic esters or acids [25] .
Results and discussion
We began by treating 2,6-lutidine N-oxide with triflic anhydride (Tf 2 O) to form strongly electrophilic intermediate 5.
The addition of a solution of the sodium salt of dibenzyl malonate, generated by the action of sodium hydride on the malonate in THF, resulted in smooth formation of dibenzyl 2-(2,6-dimethylpyridin-4-yl)malonate (6a) (Scheme 2).
A brief optimization of the reaction conditions yielded a general procedure, whereby the N-oxide was treated with 1.5 equivalents of Tf 2 O at 0°C for 15 min before addition of a THF solution of the malonate anion. This afforded product 6a in moderate yield of 53%. Using this protocol, we investigated different substitution patterns on the malonate partner (Scheme 3). 1 We were pleased to find that a fluorine atom could be incorporated giving product 6b in 61% yield. Gratifyingly, we were able to form quaternary centers (6c, 6d, and 7a) and both alkene and nitrile functional groups were tolerated on the malonate. We then turned our attention to N-oxides that had a pre-existing substituent at the 4-position with the aim to divert functionalization to the 2-position. With diethyl 2-allylmalonate, alkyl (7b) and aryl (7c) substituents on the N-oxide resulted in good yields of the product. However, a nitrile group at the 4-position of the N-oxide gave the anticipated product in only poor yield (7d). This could be partly due to the reduced nucleophilic character of the Noxide, resulting in a slower reaction with Tf 2 O. Londregan et al. similarly reported a poor yield using his activation procedure. The use of unsubstituted pyridine N-oxide yielded a mixture of products alkylated at either the 4-or 2-position (ratio = 1:1.4) in a combined 43% yield. 2 
Conclusion
We have developed a mild and convenient way to functionalize pyridine N-oxide derivatives with malonates. This is achieved by activating the corresponding N-oxide with Tf 2 O, setting the stage for the nucleophilic addition event. Functional groups including alkenes and nitriles are tolerated on the malonate and this effectively redox-neutral method is amenable to the formation of quaternary centers.
Experimental
All reagents and anhydrous solvents were used as received from commercial suppliers. Purification was monitored by thin-layer chromatography (TLC) performed on plastic plates coated with Kieselgel F254 with 0.2 mm thickness or GC-MS. Visualization was achieved by ultraviolet light (254 nm) or development with KMnO 4 solution. Flash column chromatography was performed using silica gel 60 (230-400 mesh, Merck and co.). Near infrared spectra were (A) (B)
(A) (B)
recorded using a Perkin-Elmer Spectrum 100 FT-IR spectrometer. Mass spectra were obtained using a Finnigan MAT 8200 or (70 eV) or an Agilent 5973 (70 eV) spectrometer, using electrospray ionization (ESI). All 1 H NMR, 13 C NMR and 19 F NMR spectra were recorded on Bruker AV-400 or Bruker AV-600 or Bruker AV-700 in CDCl 3 . Chemical shifts are given in parts per million (d/ppm).
General procedure
All flasks and stirrer bars were flame dried before use. To the N-oxide (0.2 mmol, 1.0 equiv.), dissolved in 2 cm 3 dichloromethane was added Tf 2 O (0.3 mmol, 1.5 equiv.) at 0°C. In another flask, a suspension of NaH (0.7 mmol, 3.5 equiv.) in 1 cm 3 tetrahydrofuran was cooled to 0°C and the malonate (0.7 mmol, 3.5 equiv.) was added. After 15 min, the malonate solution was added to the activated N-oxide solution and the mixture was stirred at room temperature for 1 h. The reaction was quenched with NH 4 Cl solution and the aqueous phase was extracted with dichloromethane. The combined organic layers were washed with brine before being dried over MgSO 4 . The solvents were removed under reduced pressure and the crude product was purified by column chromatography. 
